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Oyster mushroom (Pleurotus ostreatus) stipe peptides as in-vitro radical scavenging, ferrous 
iron chelating, & ferric reducing antioxidant compounds  
by Suraj Meharwade  
Ferrous iron chelating, ABTS radical scavenging, and ferric reducing antioxidant activity of 
mushroom stipe peptides obtained using Protamex® and V8 protease has not been investigated. 
Additionally, the effects of peptides on protein carbonyl formation during myofibrillar oxidation 
is unknown. Oxidation of lysine, arginine, and proline in myofibrillar protein from red meat 
results in reduced meat quality owing to changes in water composition. Therefore, the objective 
of this study was to compare the antioxidant performance of <1 kDa and 1-3 kDa mushroom 
peptides obtained by Protamex®-V8 hydrolysis against mushroom hydrolysate, mushroom 
protein, and mushroom stipe for radical scavenging, ferrous chelating, and ferric reducing 
activity, as well as their effects on protein carbonyl formation within a protein oxidation system. 
<1 kDa peptides exhibited significantly higher (p < 0.05) in-vitro ferrous iron chelating activity 
and ABTS radical scavenging activity as compared to mushroom stipe and 1-3 kDa peptides. 
Whereas, 1-3 kDa peptides demonstrated significantly higher (p < 0.05) in-vitro ferric reducing 
power as compared to mushroom stipe and <1 kDa peptides. During myofibrillar oxidation, 
mushroom protein comprising radical promoting enzymes promoted oxidation on all days of 
analysis. Mushroom stipe and <1 kDa peptides significantly promoted (p < 0.05) oxidation on 
day 0 and day 3, respectively. In contrast, 1-3 kDa peptides exhibited the greatest reduction in 
protein carbonyl formation by 34.7% as compared to mushroom stipe, hydrolysate, and <1 kDa 
peptides on day 9. Overall, the study demonstrates that mushroom stipe peptides may have 
potential use in the food industry as a natural antioxidant compound.  
Keywords: antioxidants, mushroom stipe, myofibrillar protein, peptides, protein carbonyls  
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Program: AFRI-NIFA Novel Foods and Innovative Manufacturing Technologies Program Area Priority Code A1364 
Situation:  
 Pleurotus ostreatus mushroom stipe, a by-product of the mushroom industry is discarded as waste.  
 Pleurotus ostreatus mushroom stipe consists of approximately 10% (DW) crude proteins which can be enzymatically hydrolyzed to obtain 
antioxidant peptides for protein carbonyl inhibition in myofibrillar protein. 
 The formation of protein carbonyls in bovine myofibrillar protein negatively affects water holding capacity, gel forming ability, and thermal 
stability through the formation of cross-links and changes in ionic potential of myofibrillar protein. 
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Assumptions 
 Consumers want antioxidants peptides from natural sources such as 
mushroom stipe  
 Mushroom peptides will be recognized as GRAS by USDA.  
 Food companies will incorporate peptides as natural preservatives  
External Factors 
 Concentration of oyster mushroom peptide determines antioxidant/pro-
oxidant effect during protein carbonyl formation.  
 Peptides are chemically unstable and can possibly result in anaphylactic 
reactions  
Outputs 
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Inputs 
Obtained mushroom 
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protein recovery 
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 Mushroom stipe, a waste by-product comprising 25% of whole mushrooms (fresh 
weight) are discarded as a food source due to its tough texture and poor palatability (Chou, 
Sheih, & Fang, 2013). The underutilized stem/stipe consisting of 8.6-18.8% (dry weight) crude 
protein provides an incentive to extract mushroom proteins for enzymatic hydrolysis (Lee et al., 
2012; S. Li et al., 2018). Mushroom proteins extracted from the mushroom stipe can be 
hydrolyzed into peptides by protease enzymes for their antioxidant applications in the food 
industry (Kimatu et al., 2017).  
Proteases cleave at functional amino acids such as hydrophobic, with an aliphatic or 
aromatic group; hydrophilic, with a positively/negatively charged or uncharged group, and 
special groups consisting cysteine, glycine, and proline (Harris et al., 2000), on either the N 
terminal end or C terminal end of the peptide depending on the specificity of the enzyme 
(Panyam & Kilara, 2004; Su et al., 2012). The specificity of Protamex®-V8 protease was 
employed in this study to design peptides. A hydrophobic amino acid was obtained on the N 
terminal end by using Protamex® enzyme (L. Lin et al., 2018). The presence of hydrophobic 
amino acids (tyrosine, tryptophan, alanine, leucine) at the N terminal of the peptides confers 
radical scavenging properties to the peptides (W. Sun & Xiong, 2015; X. Zhang, Xiong, Chen, & 
Zhou, 2013). Radicals such as hydroxide and hydroxyl radicals oxidize food components 
including lipids and proteins (Bahramikia, Ardestani, & Yazdanparast, 2009; Peng, Ruan, Liu, 
Huang, & Zhang, 2018), which need to be neutralized for preserving food quality. In addition to 
the active N terminal of the peptide, utilization of V8 protease provides the presence of polar 
amino acids (aspartic and glutamic) on the C terminal end (Prasad, Leduc, Hayakawa, & 
Delbaere, 2004), which confers metal chelating properties to the peptides (Storcksdieck, 
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Bonsmann, & Hurrell, 2007). Chelation of transition metal ions such as ferrous and ferric iron 
influences the organoleptic properties of food positively, since transition metal ions cause 
oxidative deterioration of lipids and proteins (Sugiarto, Ye, Taylor, & Singh, 2010). Although, 
synthetic antioxidants such as butylated hydroxyl anisole, propyl gallate, and tertiary butyl 
hydroxyl quinone are commonly used as antioxidant preservatives (Jayathilakan, Sharma, 
Radhakrishna, & Bawa, 2007). The growing consumer demand for natural preservatives among 
clean label-conscious individuals provides a strong justification for obtaining natural antioxidant 
peptides from mushroom stipe (Brewer, 2011; Brewer & Rojas, 2008; Villalobos-Delgado et al., 
2019). 
Besides the active terminal end of the peptides, the size of peptide governs antioxidant 
properties as well (Ketnawa, Wickramathilaka, & Liceaga, 2018). >10 kDa peptides obtained 
from flaxseed hydrolysate showed reduced radical scavenging properties when compared to <1 
kDa and 1-3 kDa peptides (Hwang, Chen, Luo, & Chiang, 2016). The findings were attributed to 
steric hindrance between large peptides owing to peptide-peptide repulsion, low number of large 
peptides, and low levels of total hydrophobic/aromatic amino acids. Peptides of <1 kDa and 1-3 
kDa obtained by enzymatic hydrolysis of Australian canola meal, kidney beans, jellyfish, 
Moringa olifera seeds, and bambara groundnut seeds demonstrated enhanced antioxidant activity 
for radical scavenging and metal ion chelation (Aderinola, Fagbemi, Enujiugha, Alashi, & 
Aluko, 2019; Alashi et al., 2014; Arise et al., 2016; J. Li, Li, Li, & Zhou, 2014; Mundi & Aluko, 
2014). However, the antioxidant properties of <1 kDa and 1-3 kDa mushroom stipe peptides 
obtained using Protamex and V8 protease has not been investigated.  
Metal chelating and radical scavenging properties are essential to reduce oxidation of 
processed meat products (Lynn L. Wang & Xiong, 2005). Radicals are formed in the presence of 
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transition metal ions during meat storage, owing to lipid and protein oxidation in meat resulting 
in adverse meat quality (Xiao, Zhang, Lee, Ma, & Ahn, 2011). The antioxidant capacity of 
casein calcium peptides within a meat oxidation system has been investigated by measuring lipid 
peroxidation by-products such as malondialdehyde (Sakanaka, Tachibana, Ishihara, & Juneja, 
2005), however the effects of peptides produced by Protamex® and V8 obtained from oyster 
mushroom stipe during oxidation of myofibrillar meat proteins has not been explored yet. 
Myofibrillar protein isolate was chosen for investigating the effects of peptide as high 
quantities of peptides would be required for analysis with meat. The removal of lipids and 
sarcoplasmic proteins during myofibrillar extraction from bovine meat would reduce 
unwarranted oxidative reactions caused by lipid peroxides (Sakanaka et al., 2005), and iron-
containing proteins (Promeyrat et al., 2011), respectively. Protein oxidation comprises oxidation 
of sulfur containing amino acids (Bao, Boeren, & Ertbjerg, 2018), peroxidation of aliphatic 
amino acids, hydroxylation of aromatic amino acid, and protein carbonyl formation (Rysman et 
al., 2016).  
Reactive oxygen species such as hydroxyl radicals react with lysine, arginine, and proline 
in the presence of ferrous iron (Fe2+) to form protein carbonyls (Requena, Chao, Levine, & 
Stadtman, 2001). Protein carbonyls reaction with amino groups (lysine, arginine, and proline) 
and with other protein carbonyls results in carbonyl-amine crosslinks (Estévez, Ventanas, 
Heinonen, & Puolanne, 2011). The carbonyl-amine crosslinks cause diminished meat juiciness, 
attributed to changes in water composition of meat as a result of aggregate formation (Huff-
Lonergan & Lonergan, 2005; Utrera & Estévez, 2012). The negative effects on the textural 
qualities of meat are significant deterrents to meat consumers (Villalobos-Delgado et al., 2019). 
The performance of mushroom stipe peptides as antioxidant compounds could advance 
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existing literature on the potential of peptides as preservatives. This study aimed to: 
I. Isolate <1 kDa and 1-3 kDa peptides from mushroom protein hydrolyzed using 
Protamex® and V8 protease according to their molecular weight cut-offs  
II. Investigate the antioxidant activity of <1 kDa peptides and 1-3 kDa peptides against 
mushroom stipe, mushroom protein, mushroom hydrolysate for ferrous iron chelation, 
ferric reducing, and ABTS radical scavenging properties  
III. Determine the effects of <1 kDa and 1-3 kDa mushroom peptides, hydrolysate, proteins 
and stipe on protein carbonyl formation during myofibrillar protein oxidation by the 
DNPH assay 
It was hypothesized that radical scavenging activity (Feng, Ruan, Jin, Xu, & Wang, 2018) and 
transition metal ion (Fe2+) chelating activity (Storcksdieck et al., 2007) of <1 kDa and 1-3 kDa 
mushroom peptides would play a critical role in the prevention of lysine, arginine, and proline 
oxidation, owing to their molecular size and functionality. 
2. Review of Literature: 
2.1. Composition and Utilization of Mushroom stipe from Pleurotus ostreatus 
mushroom 
Pleurotus ostreatus mushroom, commonly known as the oyster mushroom is the second most 
widely consumed mushroom in the USA. On a fresh weight basis, oyster mushrooms contain 
approximately 89%, 3.3%, 0.4% and 6.1% for moisture, protein, lipid, and 
carbohydrate, respectively (USDA, 2018a). On a dry weight basis, it is comprised of 20-29% 
proteins (Chirinang & Intarapichet, 2009; Tolera & Abera, 2017). On the other hand, Oyster 
mushroom stipe is comprised of 10% crude protein, 33% crude fiber, 0.48% crude fat, and 5.1% 
moisture on a dry weight basis (Fard, Toghyani, & Tabeidian, 2014), compared to 66% 
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moisture, 11% crude protein, 1.7% crude fat, and 12% crude fiber for fresh oyster 
mushroom (Michael, Bultosa, & Pant, 2011).  
Oyster mushrooms contain all essential amino acids except leucine, with a Net Protein 
Utilization value of 77%, compared to 94%, 82% and 87% for casein, rice, and whole eggs, 
respectively (del Toro, Vega, Garín-Aguilar, & Lara, 2006) 
Antioxidant activity of oyster mushroom fruiting bodies has been studied extensively, 
however, mushroom base or stipe considered as waste have not been evaluated for their 
antioxidant potential (Golak-Siwulska, Kałużewicz, Spiżewski, Siwulski, & Sobieralski, 2018; 
Y. Guo, Wang, & Ng, 2005; L. Li et al., 2007). These mushroom waste products are used as 
ingredients for organic compost and animal feed (Fard et al., 2014), which can be upcycled to 
produce natural antioxidant peptides. 
Mushroom stipe is discarded as a food source because of its unpalatable nature and tough 
fibrous texture, attributed to its crude fiber content of 32.9% (g/100g, dry weight) (Fard et al., 
2014). The 5.6%- 9.9% (DW) protein content of mushroom stipe, provides the opportunity for its 
use as a protein source and a functional ingredient in the food industry (R. Ahmad, Zain, Hassan, 
Peryasamy, & Halim-Lim, 2018).  
Addition of 2% (g/g) mushroom stipe improved water holding capacity (WHC) from 68% to 
75% due to its high carbohydrate which traps water in meat (Lee et al., 2012). Additionally, the 
lipid peroxidation product, malondialdehyde (MDA) decreased from 11 nmol/mg protein 
(control) to 8.1 nmol/mg protein with 2% mushroom feed supplementation (Lee et al., 2012).  
2.2. Peptide extraction from Pleurotus ostreatus mushroom, and its stipe  
Figure 1, represents 75% protein yields for Agaricus mushroom, after protein extraction 
using ammonium sulfate. Additionally, enzymatic hydrolysis of mushroom resulted in a protein 
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yield of 84% with 32% protein yield for <1 kDa peptides and 52% yield for 1-3 kDa peptides 
using ultrafiltration (Kimatu et al., 2017).  
Figure 1: Protein content of oyster mushroom stipe, along with protein yield of button mushroom 
after extraction, enzymatic hydrolysis, and ultrafiltration (Kimatu et al., 2017; Lee et al., 2012; S. 
Li et al., 2018) 
Thus, >30% protein yields for <1 kDa, and 1-3 kDa peptides from the Agaricus sp. 
hydrolysate provides incentives to obtain oyster mushroom stipe peptides, similarly using 
Protamex® & V8.  
2.3. Antioxidant potential of hydrolysates against protein and lipid oxidation  
Hydrolysates obtained from Terfezia claveryi and Agaricus bisporus mushrooms, using 
pepsin-trypsin-α-chymotrypsin showed 55% and 44% DPPH radical scavenging activity, 
respectively. Also, non-blanched trypsin hydrolysates of Agaricus bisporus inhibited linoleic 
acid oxidation by 44%, compared to 10% for blanched samples, attributed to the loss of water-
Oyster Mushroom Stipe  
(25% of fresh mushroom) 
Mushroom Protein  
Mushroom Hydrolysate  
(Alcalase®, Flavourzyme®) 
<1 kDa, 1-3 kDa peptides 
Protein Content: 86-188 g/kg (DW) 
(Lee, Ciou, Chiang, Chao, & Yu, 2012; S. Li et 
al., 2018) 
 
Protein Yield: 75.16% 
(Kimatu et al., 2017) 
Average protein yield: >84% 
(Alcalase, Flavourzyme) 
(Kimatu et al., 2017) 
<1 kDa:  Protein Yield: 32% 
               Protein Recovery:25.1/% 
1-3 kDa: Protein Yield: 52.1% 
               Protein Recovery: 59.8% 
(Kimatu et al., 2017) 
Protein extraction  
Enzymatic Hydrolysis   
Ultrafiltration   
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soluble phenolic and steam induced modification of amino acids. Moreover, non-blanched-
chymotrypsin hydrolysates chelated Fe2+ iron by 10%, compared to 7.6% for blanched samples 
(Farzaneh, Khanahamadi, Ehsani, & Sharifan, 2018). Higher antioxidant capacity for non-
blanched mushroom hydrolysates was attributed to extensive denaturation of soluble proteins 
during blanching, resulting in reduced enzymatic hydrolysis (Peñta‐Ramos & Xiong, 2002). 
A peptide (GLP-Ganoderma Lucidum Peptide) obtained from Ganoderma mushroom 
fermentation lowered malondialdehyde (MDA) levels (19.8 nM/mg protein), compared to 40.9 
nM/mg protein in D-galactosamine treated mice (control) at 180 mg/kg feed supplementation 
(Yanling Shi, Sun, He, Guo, & Zhang, 2008). D-galactosamine was used to induce aging in 
mice, and GLP was evaluated for its effectiveness to prevent MDA formation. Moreover, 72% 
inhibitory activity for MDA was demonstrated when 0.7 mg/ml GLP was added in the presence 
of Fe2+ and H2O2 (J. Sun, He, & Xie, 2004). Besides, GLP demonstrated an IC50 value of 27.1 
μg/ml for hydroxyl radical-scavenging activity, and IC50 value of 25 μg/ml for superoxide anion. 
Crude proteins extracted from cultured mycelia and fruiting bodies of Ganoderma mushroom 
showed IC50 values of 2.5, 2.8 μg protein/ml for ABTS radical scavenging; 2.5, 3.4 μg protein/ml 
for DPPH radical scavenging; and 1.7, 2.6 μmole Trolox/μg protein for ferric reducing power, 
respectively (Sa-ard, Sarnthima, Khammuang, & Kanchanarach, 2015). Additionally, LB-1b, an 
antioxidant, anti-proliferative polysaccharide-peptide complex purified from the fruiting bodies 
of abalone mushroom (Pleurotus abalonus) showed 94% inhibition for erythrocyte hemolysis 
owing to its antioxidant potential (N. Li et al., 2012).  
Table 1 highlights the application of Protamex® hydrolysis to obtain peptides rich in 
hydrophobic amino acids, which demonstrated 25-30% inhibition of protein carbonyl formation 
in black pompret fish, owing to radical scavenging properties of the peptides (L. Lin et al., 
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2018). Enhanced mushroom hydrolysate antioxidant power using V8 protease is attributed to the 
glutamic and aspartic acid at the C-terminal which chelate ferrous iron, an oxidative promoter for 
protein carbonyl formation (Storcksdieck et al., 2007; Swain, Tabatabai, & Reddy, 2002). V8 
protease or subtilisin is an endoproteinase Glu-C obtained from Staph. aureus. cultures. The 
specificity of V8 towards aspartic acid and glutamic acid at pH 7.8 is a result of ion-pairing with 
the positively charged N-terminus group of the enzyme; positioning the peptide bond to be 





Table 1: Protease specificity and protein carbonyl inhibition  




Findings on Protein Carbonyl Inhibition References 













Protein carbonyls decreased by 85.3% and 63.3% in 
iron and metmyoglobin mediated oxidation, 
respectively, with the addition of 1.5 mg/ml 
hydrolyzed potato protein. 
 
Inhibition of protein carbonyls was 11% in whey 
protein hydrolysate (MW <3 kDa rich in aspartic acid, 
phenylalanine, proline) versus 9% in Butylated 
hydroxyanisole (BHA) 
(Peng et al., 
2018; L. L. 















Gelatin hydrolysate peptide (Pro-Ala-Gly-Tyr) 
inhibited the formation of protein carbonyls induced by 
multiple (6) freeze-thaw cycle as assessed by DNPH.  
11.5 nmol protein carbonyls/mg protein in the 
presence of 12.5 ppm peptide + 50 ppm caffeic acid 
compared to 18 nmol/mg protein (control) (absence 
of both) 
 
(Merz et al., 
2015; Nikoo, 
Benjakul, & Xu, 
2015; Nikoo, 
Mac Regenstein, 




Alcalase ® & 
Neutrase®) 





Sea cucumber hydrolysate (1 g/kg/day) tested on D-
galactose induced aging mice reduced DNPH derived 
protein carbonyls by 22%, 35%, and 33% in liver, 
brain and serum samples respectively. 
 
Peptides rich in Alanine, Valine and Leucine. 
 
Rainbow sardine protein hydrolysate (2%,4%) 
inhibited protein carbonyl formation in black pompret 
fishes, by 25-30% compared to non-glazed (protective 
layer) samples.  















Peptides isolated from Japanese flounder skin gelatin 
showed protein carbonyl formation at 30% with 50 
μM concentration, and the control (hydrogen peroxide 
alone) showed 100%. 
 
Peptide sequence: Gly-Gly-Phe-Asp-Met-Gly 
(Dunn, 2001; 
Himaya, Ryu, 





 Broad substrate 
specificity 
Hydrolysis of collagen from silver carp skin exhibited 
25% protein carbonyl formation, compared to 57% for 
control during the addition of collagen peptide (High 
antioxidant activity) 
 
Gly-x-y structures were abundant in the peptides, along 
with alanine, proline, and aspartic acid. 
(L. Zhang et al., 
2017) 
     
Alcalase® and 
Protease S 
 Broad substrate 
specificity 
The ultra-filtered fraction of eggshell peptides at 0.5 
mg/ml showed 0.10 nmol protein carbonyl /mg, 
compared to 0.22 nmol/mg (control) during hydrogen 
peroxide (1 mM) oxidation 
(Yaning Shi, 
Kovacs-Nolan, 






from S. aureus 
strain V8) 




aspartic acid  
Peptide mapping studies. Produced low molecular 
weight fragments (44-188 kDa) for squid skin 
collagen. 
50% casein peptides soluble at 6.7% hydrolysis at pH 
4.0-5.0, compared to 0% for Casein. Emulsification 
properties reduced with hydrolysis.  








V8 protease has been primarily used for peptide mapping due to its high degree of 
substrate specificity (Finch, Wilson, Brown, Hickson, & Emmerson, 1986). Moreover, V8 
cleaves peptides with Asp and Glu side-chain groups at the C-terminal end of the peptide. V8 
protease hasn’t been investigated to develop metal chelating peptides, due to high enzyme costs 
of $81 per mg in comparison to $0.0001 per mg for Alcalase® (ThermoFisher, 2019). 
2.3.1. Radical Scavenging Peptides 
Radical scavenging peptides are usually characterized by the presence of hydrophobic 
amino acid side groups such as Trp, Leu, Ala, Val, Ile, and Phe at the N and C terminal of the 
peptide. Peptides containing hydrophobic amino acid residues have enhanced antioxidant activity 
due to their ability to donate hydrogen or electrons to electron-deficient radicals (Aluko & Monu, 
2003; Chi, Wang, Wang, Zhang, & Deng, 2015; C. Liu et al., 2018).  
A hexapeptide obtained from corn protein hydrolysate using Protamex®, Gln-Gln-Pro-Gln-
Pro-Trp, exhibited 55% scavenging activity for hydroxyl radical, similar to glutathione at 2.0 
mg/ml (Table 2). Additionally, hydroxyl radical scavenging activity for the peptide showed an 
EC50 value of 4.43 mg/ml (X.-j. Wang et al., 2014). Pumpkin meal hydrolysate enhanced 
antioxidant activity in a dose-dependent manner, where Protamex® hydrolysis exhibited 52% 
DPPH radical scavenging activity at 6 mg/mL. Moreover, metal chelating properties for 
Protamex® fractions showed 75% inhibition at 1 mg/ml (Venuste et al., 2013).  
Also, pepsin hydrolyzed ark shell peptides were purified and identified as MCLDSCLL (P1) 
and HPLDSLCL (P2) with IC50 values of 19 μM and 74 μM against DPPH radical, respectively, 
compared to 19 μM for glutathione (GSH) (positive control) (Jin, Ahn, & Je, 2018). Moreover, a 
peptide sequence ADGF purified from hazelnut (C. heterophylla Fisch) protein hydrolysates 
reported by C. Liu et al. (2018), exhibited 80% ABTS and 77% DPPH radical scavenging 
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properties at 0.5 mg/mL, attributed to the presence of alanine, and phenylalanine. AGLPM and 
HALGA purified from corn protein hydrolysate had increased hydroxyl radical scavenging 
activity of 79% and 75%, respectively, when compared to AGIPM and HAIGA, owing to the 
presence of Leucine in the structure, assessed by electron surface resonance spectroscopy (Jiang, 
Zhang, Lin, & Cheng, 2018). Pleurotus sp. mushroom hydrolysate is an excellent source of 
nitrogen for enhanced mycelial biomass growth rate (2.4 mg/L/day), attributed to 17%, 13%, 11 
% (mole fractions) for Asp, Glu, and Ala in the hydrolysate, respectively (H.-B. Chen et al., 
2013).  
Table 2 shows radical scavenging properties of peptide sequences obtained from plant and 
animal hydrolysates, where Alcalase® hydrolysis is preferred over Protamex® due to its high 
degree of hydrolysis (Kimatu et al., 2017). From Table 2, DPPH radical scavenging activity of 
hemp hydrolysate using Protamex® showed higher antioxidant activity (2.8 mg/mL-IC50), 
compared to 4.2 mg/ml for Alcalase® fractions (Tang, Wang, & Yang, 2009), owing to substrate 
specificity (hydrophobic amino acids) of Protamex®. 
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Table 2: Antioxidant peptides obtained using Protamex®, Alcalase®, Trypsin, and Pepsin with radical scavenging properties 
1Data unavailable 
 
Source Enzyme  Key Findings Peptide Sequence 
Identified  
References 
Milk casein Pepsin Superoxide anion radical scavenging 
activity at 79.2 µM (IC50), compared to 
306 µM for Pro-Glu-Leu. 
 
251 mM and 98 mM (IC50) for hydroxyl 
radical scavenging and DPPH radical 
respectively, compared to 661 mM and 
6.12 mM for glutathione respectively. 
YFYPEL 
 




Trypsin 97.6% and 80.0% Superoxide radical 
scavenging and DPPH radical scavenging 
activity, compared to 40% and 27% for 
pepsin, respectively  
HGPLGPL (Mendis, Rajapakse, & Kim, 
2005) 
Bull frog skin Alcalase®  DPPH radical (IC50= 16.1 µM) 
 Hydroxyl radical (IC50= 12.8 µM) 
 Superoxide radical (IC50=34.0 µM)  
 Peroxyl radical (IC50= 32.6 µM) 
LEELEEELEGCE 
(peptide) 





ORAC activity  
0.37 μM TE /μM IPY peptide 




(Cermeño et al., 2019) 
Chinese 
chestnut  
Alcalase® ABTS Radical Scavenging (IC50 values) 
0.13 mg/mL, 0.28 mg/ml for VYTE and 
VSAFLA respectively, compared to  
VYTE  
VSAFLA 
(Feng et al., 2018) 
N/A1 V8 protease® Antioxidant studies- N/A N./A1 N/A1 
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2.3.2. Metal Chelating Peptides 
Chelation of metal ions such as copper or iron, inhibits oxidative pathways which require 
metal to speed up the formation of radicals (Xie, Huang, Xu, & Jin, 2008). Metal chelation is 
governed by:  
I. Amino acid profile of the peptide where negatively charged amino acids, aspartic and 
glutamic acid, can form ionic bonds with metals (Gerbino, Mobili, Tymczyszyn, Fausto, 
& Gómez-Zavaglia, 2011) 
II. Size of the peptide; large peptide structures can engulf metal ions in their secondary 
structure due to extensive interaction in contrast to small peptides (Megías et al., 2007) 
Gln-Gln-Pro-Gln-Pro-Trp showed EC50 values of 6.78 mg/ml for Fe
2+ chelating activity 
compared to 2.03 mg/ml for glutathione, attributed to metal chelation of ferrous iron (X.-j. Wang 
et al., 2014). Hemp hydrolysate using Protamex® exhibited IC50 value of 2.1 mg/ml for ferrous 
iron chelation, compared to 2.5, 2.6, and 3.2 mg/ml for Alcalase®, Flavourzyme®, pepsin, 
respectively (Tang et al., 2009). Fenton reaction between hydrogen peroxide and Fe2+ion forms 
hydroxyl radicals as the decomposition product. Thus, it is necessary to develop peptides with 
Fe2+ chelating properties to inhibit the adverse effects of hydroxyl radical on proteins and lipids 
(Guyon, Meynier, & De Lamballerie, 2016). 
 Among three metal-chelating peptides (Ser-Met, Leu-Ala-Asn and Asn-Cys-Ser) derived 
from trypsin treated sesame protein, Asn-Cys-Ser exhibited 74% zinc chelation and 61% iron 
chelation higher than the positive control, glutathione, attributed to the presence of serine (C. 
Wang, Li, & Ao, 2012). Tripeptide, Ser-Cys-His, obtained from Alaska pollock skin hydrolysate 
using trypsin enzyme exhibited 27% iron-chelating activity (L. Guo et al., 2013). Additionally, 
presence of histidine, chelates metals as a result of its imidazole group complexing with metal 
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ions, positively confirmed by the high histidine content in chickpea protein, and soy protein 
hydrolysate peptides (Amadou, Le, Shi, & Jin, 2011; Rifflet et al., 2012). Although the presence 
of Glu, and Asp confers metal chelating ability to the hydrolyzed peptides (Storcksdieck et al., 
2007; Swain et al., 2002), specific peptide structures have not been commonly reported (Table 
3). Beef myofibrillar peptides (Asn-Arg-Asp-Gly-Ile-Ile-Asp-Lys-Asp-Asp-Leu-Arg; SwissProt 
code MLRS_CHICK) of 2 kDa obtained using pepsin-pancreatin exhibited enhanced iron 
chelating properties attributed to the 15 g Glu and 9.6 g Asp per 100 g beef (Storcksdieck et al., 
2007). Additionally, 1 kDa peptides obtained from beef sirloin digested using pepsin-pancreatin 
exhibited enhanced ferrous iron owing to the presence of 14.3 mol glutamic and 10mol aspartic 




Table 3: Metal chelating activity of antioxidant peptides 
Source Enzyme  Key Findings Peptide Sequence 
Identified  
References 
Tuna liver Protamex® 94% ferrous iron chelating activity at 5 
mg/ml for Protamex®, similar to Alcalase®. 
 
N/A1 (Je, Lee, Lee, & Ahn, 
2009) 
Hemp Protamex® Ferrous iron chelation of 1.6 mg/ml (IC50), 
compared to 2.2 mg/mL (IC50) for Alcalase® 
reducing power (absorbance at 700nm): 0.26 
for Protamex® fraction, compared to 0.28 for 
Alcalase® at a conc. of 3 mg/mL 
N/A1 (Tang et al., 2009) 
     
Anchovy muscle  Trypsin 0.13 mg/ml (IC50) iron chelating ability for 
trypsin fraction compared to 2.63 mg/ml for 
Alcalase® fractions  
 
IEELEEEIEAER (Wu, Liu, Zhao, & 
Zeng, 2012) 
Palm kernel cake Papain  65% iron-chelating activity for papain 
fraction, compared to 30.5% for Alcalase® 





(Zarei et al., 2016) 
Chickpea Alcalase® 76.92% and 63.08% Cu²⁺ and Fe²⁺ chelating 
activity respectively, at peptide concentration 
of 50 mg/mL, compared to 93% and 97% for 
EDTA (concentration not specified). 
 
NRYHE (T. Zhang, Li, Miao, & 
Jiang, 2011) 
Sesame  Trypsin 86% iron chelating activity, compared to 
59% for Alcalase® hydrolysate.  
NCS (C. Wang et al., 2012) 
N/A1 V8 
protease® 





2.4. Protein Oxidation in Bovine Myofibrillar Proteins 
Bovine skeletal muscle consists of 21%-23% crude protein (wet basis), which is comprised 
of 50-55% myofibrillar, 30-34% sarcoplasmic, and 10-15% stromal proteins (Acton, Ziegler, 
Burge Jr, & Froning, 1983; Lawrie, 1995). Myofibrillar proteins are made of 50-55% myosin and 
15-20 % actin by weight (Acton et al., 1983; Zarkadas et al., 1988). Oxidation of myofibrillar 
proteins during food processing and storage deteriorates texture, attributed to the formation of 
protein carbonyls which further reacts to form carbonyl-amine cross-links. The oxidative 
modification of amino acids can either be induced by reactive oxygen species (ROS) or indirect 
reactions with secondary by-products of oxidation such as malondialdehyde (W. Zhang, Xiao, & 
Ahn, 2013).  
During meat storage, oxidation of amino acids in myofibrillar proteins can occur 
immediately post-slaughter, assessed by increased protein carbonyl derivatives (Estévez, 2011; 
Utrera & Estévez, 2012), loss of tryptophan fluorescence (Estévez, Kylli, Puolanne, Kivikari, & 
Heinonen, 2008), loss of thiols (Bao et al., 2018), and intra & intermolecular cross-linkage 
(Lund, Luxford, Skibsted, & Davies, 2008). Myofibrillar proteins are useful indicators to 
examine oxidative stress postmortem, which ultimately governs meat texture (Choi & Kim, 
2009). In postmortem muscle, oxidation can render the antioxidant defense system (Superoxide 
dismutase, Catalase) incapable of reducing oxidative stress, resulting in accumulation of ROS 
which enhances meat oxidation (Renerre, Dumont, & Gatellier, 1996).  
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Figure 2: Sidechain modifications of amino acids during oxidative conditions results in the 
formation of protein carbonyls, disulfides, sulfoxides, hydroperoxides. Adapted from (S. 
Ahmad et al., 2017).  
 
Lysine, proline, and arginine are the most common amino acids which produce proteins 
carbonyls. Lysine is converted to α-amino adipic semialdehyde while arginine and proline to γ-
glutamic semialdehyde (Akagawa et al., 2006; Stadtman & Levine, 2003). α-amino adipic 
semialdehyde (AAS) and γ-glutamic semialdehyde (GGS) are primary protein carbonyls formed 
from Metal-Catalyzed Oxidation (MCO) and Maillard oxidation pathways. Metal-Catalyzed 
 
Protein Oxidation 





















































Oxidation and Maillard Oxidation account for 23% and 60% of total protein carbonyl content in 
oxidized rat liver proteins, respectively (Akagawa et al., 2006; Requena et al., 2001).  
Protein carbonyls [α-aminoadipic semialdehyde (AAS) and γ-glutamic semialdehyde (GGS)] 
can be formed through four pathways; (1) direct oxidation of lysine/arginine/proline (Dalle-
Donne et al., 2001), (2) non-enzymatic glycation in the presence of reducing sugar (Villaverde & 
Estévez, 2013), (3) oxidative cleavage of lysine, arginine/proline (Stadtman & Berlett, 1998), 
and (4) covalent binding of lipid peroxidation products to protein carbonyl substrates (Refsgaard, 
Tsai, & Stadtman, 2000). Direct oxidation of lysine is the most common route for the formation 
of protein carbonyls, amongst the four pathways (Estévez, 2011; Stadtman & Levine, 2000). 
(Luna & Estévez, 2019) demonstrated the dominance of Maillard pathway in the presence of α-
dicarbonyls, glyoxal, and methylglyoxal during the formation of protein carbonyls against MCO 
pathway Figure 3.  
2.5. Mechanism of protein carbonyl formation in bovine myofibrillar proteins  
Metal-Catalyzed oxidation of lysine represented in Figure 3 indicates the deprotonation 
of lysine, which reacts with a hydroxyl radical, followed by deamination of lysine to form α-
amino adipic semialdehyde (AAS), in the presence of ferrous iron (Fe2+). 
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Figure 3: Postulated metal-catalyzed radical and Maillard reaction pathways for α-amino adipic 
semialdehyde formation (Akagawa et al., 2006; Estévez, 2011; Luna & Estévez, 2019). 
 
 Oxidation of lysine requires metal catalysts for the formation of AAS (Requena et al., 
2001; Utrera, Morcuende, Rodríguez-Carpena, & Estévez, 2011). Metal catalyst ions (Fe2+) are 
oxidized by hydrogen peroxide via Fenton pathway, giving rise to hydroxyl radicals (Kanner, 











Myofibrillar Protein  
 
Fe2+ H2O 
α-amino adipic semialdehyde 




radical (Martinaud et al., 1997; Mercier, Gatellier, & Renerre, 2004). Following deprotonation of 
lysine, newly formed free dehydro-lysine radical behaves as a nucleophile by donating electrons 
to oxidize metal ions [Fe3+ (56 mg/kg meat) and Cu2+ (1.65 mg/kg meat)]. Nucleophilic 
properties of the dehydro-lysine radical results in a charge imbalance, which reacts with water to 
form α-amino adipic semialdehyde (AAS). 
Akagawa et al. (2006) and Luna & Estévez (2019) demonstrated three times higher formation 
of protein carbonyls in the presence of added carbohydrates, glyoxal and methylglyoxal 
attributed to the Maillard pathway, compared to the Metal-Catalyzed oxidation pathway. 
However, the prevalence of protein carbonyls by Maillard pathway is questionable due to low 
carbohydrate presence in raw meat. 
2.6. Impact of protein carbonyl-amine adduct formation on meat quality 
Oxidative modification of lysine due to free radicals and metal catalysts ions in myofibrillar 
protein results in tough texture and reduced meat tenderness (Lonergan, Zhang, & Lonergan, 
2010), decreased thermal stability and gel forming ability (G. Liu, Xiong, & Butterfield, 2000; 
X. D. Sun & Holley, 2011), and reduced water holding capacity (Huff-Lonergan & Lonergan, 
2005). Around 85% of water is physically trapped inside the myofibrillar matrix (Huff-Lonergan 
& Lonergan, 2005). High water content interacts with polar side chains of MP, contributing to 
gelling, emulsifying, and water holding capacity (Utrera & Estévez, 2012). Deamination of 
lysine from dehydro-lysine radical to α-amino adipic semialdehyde (AAS) (Figure 3) results in 
the formation of protein carbonyls (Rysman et al., 2016; Utrera et al., 2011). The accumulation 
of protein carbonyls causes electrical charge rearrangement in MP, along with a reduction in 
isoelectric point of the meat system (Stadtman, 1993). As a direct consequence of these physio-
chemical modifications in oxidized proteins, an imbalance between protein-protein interaction 
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and protein-water interactions would eventually denature the protein. This denaturation can form 
carbonyl-amine adducts and carbonyl-carbonyl adducts reported by Estévez, Ventanas, et al., 
(2011) which ultimately decreases meat functionality including gelation, emulsification, 
viscosity, and hydration of meat systems (Estévez, Ventanas, et al., 2011; Xiong, 2000). 
Moreover, the decrease in protein carbonyl with time correlated to the formation of carbonyl-
amine adduct by condensation reactions (Estévez, Ventanas, et al., 2011).  
Additionally, protein carbonyls can condense with other protein carbonyls (Figure 4), giving 
rise to carbonyl-carbonyl adducts, which react with lysine in condensation reactions 
demonstrated in Figure 4. These protein cross-links, enhance aggregate formation due to the 
lower solubility of protein-protein adducts resulting in lowered WHC as described by Estévez, 
Ventanas, et al. (2011) in pork myofibrillar proteins. Moreover, WHC of myofibrillar proteins is 
lowered due to myofibrillar shrinkage owing to cross-link formation between adjacent 
myofibrillar strands. This cross-linking between protein filaments negatively affects meat 
quality, including juiciness, as water available between myofibrils is expelled from the 
myofibrillar matrix, due to protein cross-links.  
Condensation of protein carbonyls with lysine to form protein-protein cross-link contributes 
to the formation and stabilization of protein aggregates (G. Liu & Xiong, 2000; Xiong, 2000). 
These protein aggregates cause myofibrillar shrinkage, resulting in decreased WHC, and 





Figure 4: Cross-link formation between protein carbonyls and lysine (A), and carbonyl-carbonyl 
condensation products with lysine (B). Adapted from (Bao & Ertbjerg, 2018; Estévez, Ventanas, et 
al., 2011) 
 
2.7. Rationale and Significance 
 
Post-slaughter, meat is susceptible to damaging oxidative processes, including formation 
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to the presence of oxygen, along with oxidative catalysts such as ferrous (Fe2+) and ferric (Fe3+) 
ions (Estévez, Lund, Heinonen, & Baron, 2011; W. Zhang et al., 2013). The ferrous iron is 
associated with oxymyoglobin; whereas ferric iron is associated with oxidized metmyoglobin 
(Faustman & Cassens, 1990). Moreover, insufficient activity of antioxidant enzymes such as 
catalase (CAT), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) hinder free 
radical (ROS) metabolism (Mei, Crum, & Decker, 1994). Meat texture deteriorates with 
increased protein carbonyls, owing to carbonyl-amine cross-links as a result of lysine oxidation 
by free radicals and oxidative metal catalysts (Utrera & Estévez, 2012). Natural antioxidants 
from mushroom waste (25% of fresh mushroom weight) should be evaluated for their industrial 
applications in the meat industry. The high ingredient costs for rosemary and thyme (rosemary -
$14/pound, thyme - $14/pound) commonly used to obtain antioxidant extracts provides 
motivation to make use of readily available waste products (Herbs, 2019) 
Consumers demand for natural preservatives in meat products has risen among clean 
label-conscious individuals (Brewer, 2011; Brewer & Rojas, 2008; Villalobos-Delgado et al., 
2019). Natural antioxidants, including phenolic containing mushroom powder rich in gallic 
acid, caffeic acid, and ergothioneine, have been investigated as antioxidants in beef proteins to 
prevent lipid and protein oxidation (Barkley & Mills, 2019; Tom, Alnoumani, & Were, 2018). 
However, the use of oyster mushroom stipe peptides as inhibitors of protein carbonyl formation 
in myofibrillar protein hasn’t been investigated.  
Out of the 895 million pounds of mushroom sold in 2017-18 for a total price of $1.2 
billion as reported by USDA (2018b), it can be assumed that 223.8 million pounds of the 
mushroom stipe was discarded due to its unpalatable nature resulting in an economic wastage of 
approximately $0.3 billion resources used for cultivation (Chou et al., 2013).  
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Hence, this study aimed to: 
I. Isolate antioxidant peptides from mushroom protein hydrolyzed using Protamex® and 
V8 protease according to their molecular weight cut-off, to determine the antioxidant 
performance of <1 kDa, and 1-3 kDa peptides  
II. Measure the performance of ferrous iron (Fe2+) chelation, ferric reducing, and ABTS 
radical scavenging activity of mushroom stipe, mushroom stipe protein, mushroom 
hydrolysate, <1 kDa peptides, and 1-3 kDa peptides 
III. Determine the effects of mushroom peptides, hydrolysate, proteins and stipe on protein 
carbonyl formation during myofibrillar protein oxidation measured by the DNPH assay  
It was hypothesized that radical scavenging activity (Feng et al., 2018) and metal ion (Fe2+) 
chelating activity (Storcksdieck et al., 2007) of the proposed mushroom peptides’ would inhibit 
the oxidation of lysine, arginine, and proline which form protein carbonyls, owing to their 
molecular size and functionality. 
This was the first study to isolate mushroom peptides obtained by Protamex® and V8 
hydrolysis of mushroom stipe protein, in addition to characterizing its antioxidant properties for 
radical scavenging, ferrous iron chelating, and ferric reducing. Moreover, the interaction between 
in-vitro mushroom peptides and proteins in a meat protein oxidation system will enhance the 
current knowledge gap within the field of protein oxidation. Mushroom peptides with enhanced 
antioxidant properties characterized by the in-vitro antioxidant studies shall benefit the food 
industry as a natural antioxidant preservative.  
3. Materials and Methods 
Mushroom protein was initially obtained from 1 g mushroom stipe to determine the yield 
using water, and acetic acid. After yield was determined, acid soluble proteins were extracted 
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from 300 g mushroom stipe, followed by water soluble proteins from the pellet to obtain albumin 
and glutelin fractions, respectively. Mushroom hydrolysate was obtained by Protamex® and V8 
hydrolysis of 12 g mushroom protein. Following hydrolysis, two batches of 1 g and one batch of 
4 g mushroom hydrolysate were sequentially ultra-filtered to obtain <1 kDa, and 1-3 kDa 
peptides (Figure 5).  
  
Figure 5: Isolation procedure for antioxidant peptides (<1 kDa, 1-3 kDa) from mushroom stipe.  
 
The experimental design for inhibition of protein carbonyls during bovine myofibrillar protein 
oxidation measured by DNPH assay was as follows: 0.22% g mushroom sample (mushroom 
stipe, proteins, hydrolysate, <1 kDa peptides and 1-3 kDa peptides) were added to myofibrillar 





Mushroom Stipe: Small Scale: (1 g,1 g, 1 g) 
                       Large Scale: 300 g  
 
Mushroom Proteins: Protein Yield (4.62%), 
                                                        Protein Recovery (4.23%) 
Protein Obtained Small Scale: (39.4 mg, 51.3 mg, 48.7 mg),  
Large Scale (12.191 g), 12 g used for hydrolysis  
 
Mushroom Hydrolysate: Protein Yield (95.96%) 
                                                           Protein Recovery (36.64%) 
Hydrolysate Obtained (11.5 g), Hydrolysate used for filtration (1 g, 1 g, 4 g) 
 
<1 kDa Fraction: Protein yield-22% 
Protein Recovery-6.09% 
Peptide obtained (158.7 mg, 292.3 mg, 836.5 mg) 
 
1-3 kDa Fraction-Protein Yield- 3.65% 
Protein Recovery-36.51% 
Peptide Obtained (Lost, 27.9 mg, 180.8 mg) 
 
Protamex®: 3 h, Temperature: 55°C, pH: 7.0 




Figure 6: Experimental design to determine the performance of mushroom stipe, mushroom 
protein, mushroom hydrolysate, <1 kDa, and 1-3 kDa peptides as protein carbonyl inhibitors in 
bovine myofibrillar protein. 
Samples prepared on day 0 were used on day 3, day 6, and day 9 analysis. Three experimental 
units for each mushroom treatment group with eight pseudo replications for each unit were set-
up. The total true readings were 6 treatments (with control) * 3 units/treatment * 4 days = 72. 
3.1. Protein Extraction from Mushroom Stipe  
Mushroom stipe samples were washed and sliced before lyophilization (Harvest Right, Utah, 
USA). Lyophilized mushroom was ground into a fine powder using a KitchenAid® coffee 
grinder (BCG1110B, Michigan, USA) before storage at -80°C freezer, enclosed in amber jars 
(maximum storage duration of 1 year). 
Protein extraction was performed according to (Jeurink, Noguera, Savelkoul, & Wichers, 
2008) with modifications as follows. 5% acetic acid solution (v/v) was added to 1 g mushroom 
Myofibrillar Protein 
Mushroom Stipe (MS) 
Mushroom Protein (MP) 
Mushroom Hydrolysate (MH) 
<1 kDa peptides (<1 kDa) 
1-3 kDa peptides (1-3 kDa) 
Fenton Reaction (37°C, 9 days): 
H2O2 - 2.5mM 
 FeCl3- 25μM 
(Utrera & Estévez, 2013) 
ANOVA and Tukey’s Test was performed with α set at 0.05 
Protein Carbonyl Quantification on 
Day 0, 3, 6, 9 using DNPH assay 
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stipe powder to a final volume of 15 mL with 0.1% 2-mercaptoethanol (v/v) present in the 
mixture. The mixture was homogenized (PRO250, PRO Scientific, USA) and sonicated 
(Ultrasonic Cleaner, FS60H, Pennsylvania, USA) for 15 min, before incubating in a shaker 
(Corning Shaking Incubator, 6790, Slovenia) for 2 ½ h at room temperature. The mixture was 
centrifuged (4000 g, 30 min, 4°C) using a Sorvall Legend X1R centrifuge (Thermo Scientific, 
Germany). A second protein extraction of the obtained pellet was performed with 15 mL of 
water, and 0.1% 2-mercaptoethanol (v/v), followed by homogenization, sonication (15 min), 
stirring (2 ½ h) and centrifugation (4000 g, 30 min, 4°C) to obtain water-soluble proteins. The 
supernatant obtained from both the extractions was collected, and protein from the solution was 
precipitated by the addition of 66 g ammonium sulfate for every 100mL supernatant to obtain 
95% saturation. The mixture was mixed with a magnetic stirrer for 8 h at 4°C and then 
centrifuged using Sorvall Legend X1R centrifuge (Thermo Scientific, Germany) (4296 g, 60 
min, 4°C). The crude protein obtained after centrifugation was dissolved with DI water and 
dialyzed against DI water for 32 h, with the dialysis solution changed every 8 h. The dialysate 
was lyophilized to obtain mushroom protein powder. Mushroom protein was stored at -80°C 
(maximum storage duration of 1 year) until hydrolysis.  
3.2. Preparation of Mushroom Protein Hydrolysate 
Mushroom protein was hydrolyzed using Protamex® as described by Minh (2015), followed 
by V8 protease. Mushroom protein was diluted with DI water at a concentration of 5% (g/v) in a 
beaker. The mixture was placed in a water bath (Isotemp 215, Iowa, USA), equipped with an 
external pH probe. The mixture was heated to 55°C, while the pH of the mixture was adjusted to 
7.0 using 1M NaOH for Protamex® hydrolysis. Then, the mixture was maintained for 30 min at 
pH 7.0 and 55°C for Protamex® hydrolysis. Protamex® was added at 2% enzyme/mushroom 
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protein concentration, (w/w, solid basis) (Minh, 2015) to the mixture, and the hydrolysis was 
carried out for 3 h in a water bath. The reaction mixture was maintained at a constant pH of 7.0 
using 1M NaOH. The amount of 1M NaOH added to the solution was recorded to determine 
percentage degree of hydrolysis by the pH-stat technique. The reaction with Protamex® was 
terminated by immersing beaker in boiling water for 10 min. The mixture was cooled to 37°C for 
hydrolysis with V8 protease at a constant pH of 7.8. For V8 hydrolysis, mushroom protein 
mixture was prepared in 50mM phosphate buffer solution at a concentration of 5% (w/v), and the 
enzyme/mushroom protein concentration was 0.06% (w/w). After 24 h, the hydrolysis was 
stopped by immersing beaker in boiling water for 10 min, cooled to room temperature, followed 
by lyophilization and storage at -80°C. The percent protein yield and recovery of mushroom 
hydrolysate (MH) powder was determined using Equation 1 and Equation 2, respectively. 
Equation 1: Mushroom Hydrolysate (MH) yield (%)  
% Yield = 
𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒎𝒖𝒔𝒉𝒓𝒐𝒐𝒎 𝒉𝒚𝒅𝒓𝒐𝒍𝒚𝒔𝒂𝒕𝒆
𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒎𝒖𝒔𝒉𝒓𝒐𝒐𝒎 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒖𝒔𝒆𝒅 𝒇𝒐𝒓 𝒉𝒚𝒅𝒓𝒐𝒍𝒚𝒔𝒊𝒔
∗ 𝟏𝟎𝟎  
Equation 2: MH protein recovery (%) 
% Recovery =
𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒊𝒏 𝒎𝒖𝒔𝒉𝒓𝒐𝒐𝒎 𝒉𝒚𝒅𝒓𝒐𝒍𝒚𝒔𝒂𝒕𝒆
𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒊𝒏 𝒎𝒖𝒔𝒉𝒓𝒐𝒐𝒎 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒖𝒔𝒆𝒅 𝒇𝒐𝒓 𝒉𝒚𝒅𝒓𝒐𝒍𝒚𝒔𝒊𝒔 
∗ 𝟏𝟎𝟎 
3.3. Determination of Degree of Hydrolysis: 
 Degree of hydrolysis (DH%), defined as the ratio of the number of peptide bonds 
hydrolyzed (h) to the total number of bonds per unit weight (htotal) was calculated using Equation 
3 by the pH-stat method (Forghani et al., 2012) 








where, B was the volume (mL) of NaOH used to keep pH constant during hydrolysis; Nb 
was the normality of the base (NaOH) used; α was the average degree of dissociation of α-NH2 
groups released during hydrolysis; Htotal was the total number of peptide bonds in the protein 
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substrate (8 meqv/g for mushroom protein) (Adler-Nissen, Eriksen, & Olsen, 1983); and Mp was 
the mass(g) of the protein used for hydrolysis (N* 6.25). α is calculated using Equation 4: 






where, pKa was the average pKa for alpha-NH3
+ groups liberated during hydrolysis (7.0 for 
Protamex®) (Adler-Nissen et al., 1983) and pH of 7.0 was the pH at which the enzyme 
hydrolysis was performed.  
3.4. Ultrafiltration of Mushroom Protein Hydrolysate 
A 0.5% solution (w/v) of mushroom hydrolysate was prepared in distilled water and 
ultra-filtered using an Amicon Stirred Ultrafiltration Cell (Model:8200, Massachusetts, USA) 
with 1 kDa, 3 kDa molecular weight cut-off (MWCO) membranes. The retentate from 1 kDa was 
re-diluted (0.5%, w/v) with DI water, and passed through 3 kDa membrane. Permeates were 
collected as ultra-filtered Peptide Fractions (UPF) with a molecular weight distribution of <1 
kDa, 1-3 kDa respectively. Peptides were concentrated using a rotary evaporator (BUCHI, R-
100, India) with the temperature of the water bath maintained at 45°C, until 25mL concentrated 
peptide solution was obtained. Concentrated samples were then lyophilized (LABCONCO, 
FreeZone-1L, Missouri, USA) and stored at -80°C. Maximum storage of peptide samples was 
1year. Ultra-filtered peptide (UF) yield (%) and protein recovery (%) was calculated using 
Equation 5, and Equation 6, respectively: 
 Equation 5: Ultra-filtered (UF) Peptide yield (%)  
% Peptide Yield = 
𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝑼𝑭
𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒎𝒔𝒖𝒉𝒓𝒐𝒐𝒎  𝒉𝒚𝒅𝒓𝒐𝒍𝒚𝒔𝒂𝒕𝒆
*100 
 Equation 6: Ultra-filtered Peptide(UF) Protein Recovery (%) 
% Peptide Recovery =
𝒘𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒑𝒓𝒐𝒕𝒆𝒏 𝒊𝒏 𝑼𝑭




Bicinchoninic acid assay was used to determine the protein content of mushroom stipe (MS), 
mushroom protein (MP), mushroom hydrolysate (MH), <1 kDa peptides, 1-3 kDa peptides using 
bovine serum albumin (BSA) as a standard (Walker, 2009). 
3.5. ABTS radical scavenging, ferrous iron chelation, and ferric reducing antioxidant 
assays 
3.5.1. 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radical scavenging 
activity 
 ABTS radical scavenging assay was modified from Boonyuen, Wangkarn, Suntornwat, & 
Chaisuksant, (2009). 50mL of ABTS radical stock solution was prepared with ABTS (final conc. 
7 mM) and potassium persulfate (final conc. 2.45 mM) using nanopure water. Solutions were 
incubated at room temperature for 16hrs in the absence of light. The dark green ABTS radical 
mixture was re-diluted with 1x Phosphate Buffered Saline (pH 7.46) to obtain a mixture with an 
OD value of 1.9 measured at 734 nm. 2 mg/mL of mushroom stipe, mushroom protein, 
mushroom hydrolysate, <1 kDa, and 1-3 kDa peptide samples were prepared using nanopure 
water. 50 μL of mushroom sample was added to a clear, bottom Falcon 96 well microplate, 
followed by the addition of 200 μL of ABTS solution. The mixture was incubated in the dark at 
room temperature for 15 min, followed by absorbance at 734 nm using FLUOstar Omega 
microplate reader (BMG Labtech, Ortenberg, Germany). The percentage decrease in absorbance 
for ABTS.+ radical for mushroom samples and gallic acid standard was calculated using 
Equation 9 (Dudonne, Vitrac, Coutiere, Woillez, & Merillon, 2009), followed by plotting 
percentage radical scavenging activity of mushroom samples on the gallic acid standard curve 
from 0.625 to 20 ppm. The ability of mushroom samples to scavenge ABTS radial was expressed 
as ppm Gallic Acid Equivalents.  
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  As represents the absorbance of the sample with ABTS stock solution, and A0 represents 
the absorbance of control solution containing ABTS, and nanopure water.  
3.5.2. Ferrous iron-chelating activity 
 Ferrous ion chelating activity was measured according to (C. Lin, Toto, & Were, 2015), 
with the following modifications; 100 μL sample, 10 μl FeSO4.7H2O, and 30 μL ferrozine, 
instead of 1 mL of the sample, 50 μL FeSO4.7H2O, and 0.2 mL ferrozine. MS, MP, MH, <1 kDa, 
1-3 kDa (2 mg/mL) were prepared using nanopure water. Later, 100 μL of sample solution was 
added to a clear, bottom Falcon 96 well microplate. 10 μL of FeSO4.7H2O (2 mM) was added, 
followed by 60 μL of nanopure water to the wells. The samples were incubated at 37°C for 5 
min, followed by adding 30 μL ferrozine (5 mM) solution to initiate the reaction. Samples were 
mixed and incubated at room temperature for 15 min. The absorbance of the samples was 
measured using an FLUOstar Microplate reader (BMG Labtech, Ortenberg, Germany) at 562 
nm. The percentage difference in ferrous-ferrozine complex for mushroom samples and EDTA 
standard was calculated using Equation 10 (Ebrahimzadeh, Pourmorad, & Bekhradnia, 2008), 
followed by plotting the mushroom samples on the EDTA standard curve from 31.5 to 1000 
ppm. The ability of mushroom samples to chelate ferrous iron was expressed as ppm (EDTA 
equivalents). 
Equation 10: Ferrous Iron Chelating capacity (%) =
𝑨𝟎−𝑨𝑺
𝑨𝟎
∗ 𝟏𝟎𝟎  
A0 represents the absorbance of control containing FeSO4, ferrozine, and nanopure water, 




3.5.3. Ferric Reducing Antioxidant Power (FRAP) 
The ability of MS, MP, MH, <1 kDa, and 1-3 kDa to reduce ferric iron was determined 
according to (Dudonne et al., 2009), by using an ascorbic acid standard curve. 2 mg/ml of MS, 
MP, MH, <1 kDa, and 1-3 kDa sample solutions were prepared using nanopure water. FRAP 
reagent was prepared by mixing 10 mL of acetate buffer (300 mM, adjusted to pH 3.6 using 
acetic acid), followed by the addition of 1 mL of ferric chloride (20 mM) and 1mL of 2,4,6-Tris 
(2-pyridyl)-s-triazine (TPTZ) (10 mM, dissolved in 40 mM HCl). 50 μL of the sample was added 
to a clear, bottom Falcon 96 well microplate. Then, 150 μL of FRAP reagent was added to the 
sample solution. The mixture was mixed and incubated for 2.5 h at 37°C. The absorbance of the 
samples was measured using FLUOstar Microplate reader (BMG Labtech, Ortenberg, Germany) 
at 595 nm. The percentage ferrous-TPTZ complex for mushroom samples and ascorbic acid 
standard was calculated using (Equation 11), followed by plotting the percentage ferric reducing 
antioxidant power of mushroom samples on an ascorbic acid standard curve from 2.5 to 50 ppm. 
The ferric reducing power for mushroom samples were expressed as ppm (ascorbic acid 
equivalents). 





A0 represents the absorbance of control containing nanopure water, and FRAP reagent, and 







3.6. Preparation of Myofibrillar Proteins  
Myofibrillar protein (Myo) was extracted from bovine top round muscle according to (Rysman et 
al., 2016) with modifications. Minced muscle was homogenized for 30 s with 4 volumes (w/v) of 
cold isolation buffer (10 mM sodium phosphate buffer, 0.1M NaCl, 2 mM MgCl2, and 1 mM 
EGTA; pH 7). The mixture was centrifuged (1500 g, 15 min, 4°C) using Sorvall Legend X1R 
centrifuge (S No. 42317419, Germany) and the pellet was washed twice with four volumes (w/v) 
of the same buffer. Then, myofibrillar pellet was washed three times with four volumes of 0.1M 
NaCl. The myofibrillar suspension was isolated, and the pH of the mixture was adjusted to 6.0 
using 0.1M HCl before the third centrifugation (1500 g,15 min, 4°C).  
Figure 7: Isolation of myofibrillar proteins from sarcoplasmic proteins Chayasing, (2019). 
Myofibrillar protein was collected and stored for a maximum duration of 2 weeks. 20mg/ml 
myofibrillar stock solution was prepared by dissolving myofibrillar protein in 15 mM (pH 6.0) 
piperazine-N, N′-bis (2-ethane sulfonic acid) (PIPES) buffer containing 0.6M NaCl for DNPH 
analysis. 
3.7. SDS-PAGE Analysis 
SDS-PAGE electrophoresis of non-oxidized myofibrillar protein, mushroom hydrolysate and 
mushroom proteins were run according to (Peña‐Ramos, Xiong, & Arteaga, 2004), modified 
with 4% stacking gel and 15% resolving gel. Stock solutions of 10 mg/ml of mushroom protein, 
10 mg/ml of mushroom hydrolysate and 25 mg/ml of myofibrillar protein (dissolved in 15 
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mM (pH 6.0) piperazine-N, N′-bis (2-ethane sulfonic acid) (PIPES) buffer containing 0.6M 
NaCl) were prepared. 25 µL of aliquots for each sample were loaded onto a 4% polyacrylamide 
stacking gel/15% resolving gel in triplicates. A multicolor broad range protein ladder (Catalogue 
No. 26634, ThermoScientific TM) was added to well No. 1, and the gel was run at 200V for 75 
min. Later, gels were stained in a solution bath containing 0.1% coomassie blue, 40% methanol, 
10% acetic acid, and de-stained in a solution of 40% methanol and 10% acetic acid. Gels were 
visually observed using ChemiDoc XRS+ system with Image Lab software (S. No. 
721BR09618, Universal Hood II, USA)  
3.8. Oxidation of myofibrillar protein in the presence of mushroom stipe, protein, 
hydrolysate, <1 kDa and 1-3 kDa peptides 
Mushroom samples (0.22%g/g) with 20mL mofibrillar suspension (15mg/mL-final conc.) 
were oxidized by adding 2.5 mM hydrogen peroxide and 25 μM FeSO4.7H2O as oxidation 
promoters and compared to the control sample (only myofibrillar protein). Suspensions were 
oxidized in the dark at 37°C for nine days with constant stirring using a benchtop shaking 
incubator (S No. 17080680, Corning, USA) (Utrera & Estévez, 2013). Readings were taken on 
days 0, 3, 6, 9 for analysis. Three tubes (true rep) with each tube analyzed 8 times (pseudo rep) at 
each time point for each treatment group was set-up for the DNPH -protein carbonyl 
quantification. 
3.9. 2, 4-Dinitrophenylhydrazine (DNPH) Protein Carbonyl Quantification 
Total protein carbonyl quantification for oxidized myofibrillar protein in the presence of 
mushroom samples (stipe, protein, hydrolysate, <1 kDa peptide, and 1-3 kDa peptide) was 
performed according to Morzel, Gatellier, Sayd, Renerre, & Laville, (2006) with the following 
modifications. Two aliquots of 400 μL Fenton oxidized samples were added to a 1.5 mL 
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eppendorf tube. One aliquot was incubated with 600 μL of DNPH reagent (10 mM, diluted with 
2.0M HCl), and the second aliquot was incubated with 2.0M HCl for 1 h (vortexed during 30 
min interval) at room temperature in the absence of light. 500 μL of 50% trichloroacetic acid was 
added to precipitate proteins, followed by centrifugation (4000 g, 10 min, 4°C) using Sorvall 
Legend Micro 21R (S No.42025809, ThermoFisher, Germany) to obtain a pellet. The pellet was 
washed two times with 1mL of ethyl acetate /ethanol (1/1, v/v) solution, followed by 
centrifugation (4000 g, 10 min, 4°C). The obtained pellet was dissolved in 600μL of 6M 
guanidine hydrochloride with 20mM sodium phosphate buffer at pH 6.5. The pellet was briefly 
(30 s) vortexed, and sonicated (10 s), followed by micro-centrifugation (4000 g, 10 min, 4°C) to 
remove insoluble fragments. 250 μL of supernatant from DNPH treated and 2.0M HCl aliquots 
was added to a clear, bottom Falcon 96 well microplate, followed by absorbance measurement at 
375 nm and 280 nm for protein hydrazones and protein concentration respectively. 
 The carbonyl concentration for DNPH derivatized proteins was determined using a molar 
extinction coefficient of 0.021 mL nmol-1 cm-1 (Equation 7).  
Equation 7: Protein Carbonyl Concentration (nmol/mL)  
Carbonyl (nmol/mL)=
𝑨𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 (𝟑𝟕𝟓𝒏𝒎)
𝑴𝒐𝒍𝒂𝒓 𝒆𝒙𝒕𝒊𝒏𝒄𝒕𝒊𝒐𝒏 𝒄𝒐𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒕(𝟎.𝟎𝟐𝟏 𝒎𝑳∗𝒏𝒎𝒐𝒍−𝟏𝒄𝒎−𝟏)∗𝒑𝒂𝒕𝒉 𝒍𝒆𝒏𝒈𝒕𝒉 (𝟎.𝟕𝒄𝒎)
 
BSA in 6M guanidine hydrochloride with 20 mM sodium phosphate buffer at pH 6.5 was used as 
a standard to determine the protein concentration in the HCl control. Protein carbonyl was 
expressed as nmol protein carbonyls/mg protein (Equation 8). 
Equation 8: Protein Carbonyl (nmol/mg) 















3.10. Statistical analysis  
Three experimental units/tubes containing myofibrillar proteins and mushroom samples 
(mushroom stipe, mushroom protein, mushroom hydrolysate, <1 kDa, and 1-3 kDa), oxidized 
using ferrous and hydrogen peroxide were set-up for each treatment. Eight pseudo replications 
were performed for each experimental unit on day 0, 3, 6, and 9 during DNPH analysis. Samples 
prepared on day 0 were used on day 3, 6, and 9 with total readings of 6 treatments (with control) 
* 3 units/treatment * 4 days = 72. 
Analysis of variance (ANOVA), followed by Tukey's Honest Significant Difference (HSD) 
test was performed using R-Studio® Statistical Analysis Software (R-Studio Inc., Boston, MA, 
USA.) to determine significant differences between the means of DNPH-protein carbonyls tested 
for 0.22% (g mushroom sample/g myofibrillar) mushroom stipe, mushroom protein, mushroom 
hydrolysate, <1 kDa, and 1-3 kDa samples. The level of significance was fixed at α = 0.05. 
 
4. Results and Discussion 
4.1. Proximate Composition of Oyster Mushroom Stipe  
Lyophilized mushroom stipe had 7.99% ± 4.46, 7.38% ± 0.52, and 17.9% ± 4.9 moisture, 
lipid, and crude protein content on a dry weight basis, respectively. The 7.38% ± 0.52 lipid 
content for P.ostreatus stipe measured using Soxhlet was 312% higher, compared to 1.79% 
reported by Fard et al. (2014). Similarly, the crude protein content of 17.9% ± 4.9 measured 
using Kjeldahl was 80% higher, compared to the 9.9% reported by Fard et al. (2014). The higher 
lipid content and protein content might be a result of different agronomical factors including raw 
material, aeration, water quality, micro and macro nutrient supplementation employed during 
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mushroom cultivation. This higher protein content in mushroom stipe suggests a sustainable raw 
material for protein extraction and enzymatic hydrolysis using Protamex® and V8 protease.  
4.2. Degree of Hydrolysis of Mushroom Protein using Protamex® and V8 protease  
The degree of hydrolysis (DH) for mushroom protein at 30, 60, 90, 120, 165 min was 1.66%, 
2.83%, 3.33%, 3.5%, and 3.5%, respectively (Figure 8). The increasing DH for Protamex® 
plateaued after 120 min which signifies the end of peptide bond cleavage by Protamex®.  
 Protamex® hydrolysis had higher DH of 23.81% Protamex for Volvariella volvacea mushroom 
(Palupi, Windrati, & Tamtarini, 2011), and was 80.2-144% lower compared to existing literature 
on corn glutelin (6.31% DH) and egg white protein (8.54% DH) at 150 min, respectively (C. 
Chen, Chi, Zhao, & Xu, 2012; Zheng et al., 2015). The low DH can be attributed to the extensive 
carbohydrate chains bound to mushroom proteins such as β-glucans and polysaccharide-peptide 
complex (L. Li et al., 2007; Szwengiel & Stachowiak, 2016). Additionally, oyster mushrooms 
contain higher lectins (80 mg lectin/kg) as compared to corn coleoptile (8.6 mg lectin/kg), which 
may explain the low DH, since lectin proteins can bind with carbohydrates possibly 
obstructing Protamex® from cleaving peptide bonds (Molina, Landa, Bautista, Martínez, & 
Córdoba, 2004; H. Wang, Gao, & Ng, 2000).  
 
Figure 8: Degree of hydrolysis (%) of Protamex® hydrolyzed mushroom protein  
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Moreover, 3.5% DH for Protamex® could be a direct consequence of the low hydrophobic 
amino acid content in P. ostreatus stipe (2.14 g glycine, 3.84 g alanine, 1.48 g valine, 2.17 g 
leucine, 1.30 g isoleucine, and 1.19 g tyrosine on a 100 g protein basis) (Afiukwa, Ebem, 
& Igwe, 2015). Whereas, egg white proteins contained higher quantities of hydrophobic 
amino acids (4.49 g glycine, 8.63 g alanine, 7.17 g valine, 2.69 g leucine, 11.51 g isoleucine, and 
6.89 g tyrosine on a 100 g protein basis) providing more substrate for effective hydrolysis of 
8.54% DH by Protamex® (C. Chen et al., 2012). The findings in the current study contradict the 
work on Volvariella volvacea mushroom hydrolysis using Protamex® (Palupi, Windrati, 
& Tamtarini, 2011). The higher DH of 23.81% for Volvariella volvacea mushroom are due to the 
use of trinitrobenzene sulfonic acid (TNBS) for DH measurement. TNBS can overestimate DH 
since it can react with ε-amino groups of free lysine during high DH with Volvariella volvacea 
mushroom and Protamex® (Tiengo, Faria, & Netto, 2009). Furthermore, the DH for V8 protease 
may need to be investigated using OPA or TNBS assay, since the pH-stat technique employed in 
the current study was not suitable for analysis, owing to the lack of change in pH (data not 
shown). The low DH observed may affect protein recovery values because the hydrolysis may 
have been ineffective in generating peptides using Protamex®-V8 protease. 
4.3.  Protein Recovery (%) and Protein Yield (%) 
The yield of mushroom protein following protein extraction using ammonium sulfate was 
4.62% ± 0.62, whereas protein recovery was 19.98% ± 2.71 (Table 4). Protein recovery 
following protein extraction using ammonium sulfate precipitation is not commonly reported 
(Jeurink et al., 2008; Kimatu et al., 2017). The undisclosed recovery values may be a result of 
extraction inefficiencies since each protein type (albumin, globulin, glutelin, and prolamin) 
depends on factors such as water, salt, pH, presence of buffer, and detergents for optimum 
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extraction (Petrovska, 2001). Minimal protein yields from acid and water extraction of 
mushroom stipe, along with (NH4)2SO4 precipitation could be due to low solubility of 
glycoproteins and membrane proteins in the absence of detergents (Seddon, Curnow, & Booth, 
2004). Addition of SDS, a common detergent used for protein extraction showed greater yields 
(data not shown); however, SDS extracts were not utilized because SDS binds strongly with 
lysine which could potentially affect downstream analysis with DNPH assay (Cao, Ding, Zhang, 
Wang, & Fang, 2016).  
 
Figure 9: Bicinchoninic acid (BCA) protein quantification of mushroom stipe, mushroom protein, 
mushroom hydrolysate, <1 kDa, and 1-3 kDa peptide fractions at a concentration of 2 mg/mL. 
Values are expressed as BSA Equivalents (mg/mL) and represent means ± SD of 3 independent 
runs. Mean bar plots with the same letter are not significantly different (p < 0.05) 
<1 kDa peptides and 1-3 kDa peptides exhibited 0.253 ± 0.04 and 0.277 ± 0.07 mg/ml BSA 
equivalents, respectively (Figure 9). The extensive interaction of cupric ions (Cu²⁺) with low 
molecular weight peptides (<1 kDa and 1-3 kDa) results in the formation of cuprous ions (Cu⁺), 
further reacting with BCA salt to form BCA-copper complex (Walker, 2009). The greater protein 
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content for <1 kDa and 1-3 kDa peptides, compared to mushroom stipe, protein, and hydrolysate 
can be attributed to enhanced solubility of the peptide fractions. Peptide fractions were 
completely solubilized at 2 mg/ml in water, whereas cellular debris precipitated for mushroom 
stipe, protein, and hydrolysate (data not shown). The cellular debris could be large molecular 
weight carbohydrates (Fard et al., 2014), dimer and trimer protein sub-units (Y. R. Li, Liu, 
Wang, & Ng, 2008), and >3 kDa peptides in mushroom stipe, protein, and hydrolysate, 
respectively. Additionally, 118.68% protein recovery was obtained for the hydrolysate which 
may be due to high protein yield (95.96%) and a BCA protein content of 0.059 g/g hydrolysate, 
compared to 0.047 g/g protein solids for mushroom protein. The protein recovery of 118% for 
mushroom hydrolysate was higher than corn glutelin hydrolysate (73.84%) (Zheng et al., 2015) 
and egg white protein (50.62%) (C. Chen et al., 2012), since the previous studies evaluated only 
the soluble fractions (supernatant) following hydrolysis, whereas the current study evaluated 
both soluble and insoluble fractions together. 
Table 4: Percentage protein recovery and protein yield of mushroom protein, mushroom 
hydrolysate, and ultrafiltration fractions.  






P. ostreatus  
Protein Recovery-
BCA (%) 
A. bisporus Protein 
Recovery-Lowry 
(%) 
 Current Study (Kimatu et al., 
2017) 




4.62±0.62 N/A 19.98±2.71 N/A 
Mushroom 
Hydrolysate 
95.96 93.20 118.68 81.94 
<1 kDa 
peptides 
22.00±6.74 31.85 47.17±14.46 27.32 
1-3 kDa 
peptides 
3.65±1.22 46.41 8.58±2.87 53.50 
Values represent mean ± SD (N=3) 
Protein recovery for <1 kDa peptides was 47.17% ± 14.46, whereas 1-3 kDa fraction showed 
8.58% ± 2.87 protein recovery (Table 4). Protein recovery for <1 kDa peptides was 72.6% higher 
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than peptides obtained from A. bisporus mushroom which illustrates substantial increase in 
protein recovery in the presence of an additional enzyme (V8 protease) (Kimatu et al., 2017). 
The protein yields for <1 kDa and 1-3 kDa peptides in the current study were 30.9% and 92.1% 
lower than reported by Kimatu et al. (2017), respectively. The difference in yields can be 
attributed to high DH by Alcalase® compared to Protamex®-V8. The minimal protein yields of 
22% and 3.65% for <1 kDa and 1-3 kDa peptides, respectively, indicates that the hydrolysis 
using Protamex® and V8 protease would need further optimization to make the product 
economical. 
4.4. Identification of Mushroom proteins, and Myofibrillar proteins using SDS-PAGE  
     The SDS-PAGE profile of soluble mushroom proteins, mushroom hydrolysate, and 
myofibrillar protein show in Figure 10, demonstrates a lack of protein bands in wells 5-7. The 
absence of protein bands for mushroom hydrolysate can be ascribed to the protease enzymes 
breaking down mushroom proteins observed in wells 2-4 into low molecular weight peptides (<1 
kDa - 5 kDa). 
Myofibrillar proteins identified at 190-210 kDa, 43 kDa, 38 kDa, 36 kDa, 23 kDa, 18 kDa, 
and 16 kDa were myosin heavy chain, actin, troponin T, tropomyosin, troponin I, troponin C, 
and myosin light chain, respectively. Lane 8-10 in Figure 10 showed the presence of myosin 
heavy chain and actin chain at 190-210 kDa and 43 kDa in myofibrillar protein, respectively. 
Also, prominent bands at 38 kDa and 36 kDa have been reported as troponin T and tropomyosin, 
respectively (Chapleau, Mangavel, Compoint, & de Lamballerie‐Anton, 2004). Additionally, the 
bands at 16 kDa, 18 kDa, and 23 kDa have been reported as myosin light chain, troponin C, and 
troponin-I, respectively (Chapleau et al., 2004). The purity of myofibrillar proteins extracted 
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from bovine meat was demonstrated by the major myofibrillar components (actin and myosin) 
identified on the SDS gel.  
 
Figure 10: SDS-PAGE gel of mushroom protein, mushroom hydrolysate, and myofibrillar proteins 
using 4% stacking gels and 15% resolving gel 
 
Mushroom proteins visualized at 80 kDa, 65 kDa, 60 kDa, 40 kDa, 32.4 kDa, 16.2 kDa, 12 
kDa were lectin, Laccase LCC 3 and 4, LCC 2, LCC 1, sub-units of lectin/laccase, homodimeric 
lectin, sub-units of homodimeric lectin, and peptides, respectively (Figure 10). Mushroom 
laccase LCC3 and LCC4 with molecular weights 80 kDa and 82 kDa were identified at 80 kDa 
(Mansur, Arias, Copa-Patino, Flärdh, & González, 2003). In addition, two additional laccase 
enzymes, laccase LCC1 and LCC2 with molecular weights of 60 and 65 kDa, respectively, 
demonstrated peroxidase activity (Mansur et al., 2003). Furthermore, a mushroom lectin with a 
molecular weight of 80 kDa and its two subunits (41 kDa, 44 kDa) may be present along with 
LCC3 and LCC4 (Conrad & Rüdiger, 1994). An 82 kDa lectin and its two subunits (40 kDa and 
41 kDa) has been reported (H. Wang et al., 2000), suggesting the presence of two identical 40 
kDa subunits along with the 80 kDa mushroom lectin. Additionally, a monomeric 75 kDa 
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glycoprotein may be present along with the 80 kDa lectin (Palmieri et al., 2001). Two smaller 
bands observed at 41 kDa and 38 kDa have been reported as manganese peroxidase protein, 
MnP2, and MnP3, respectively (Giardina, Palmieri, Fontanella, Rivieccio, & Sannia, 2000). The 
homodimeric lectin of 32.4 kDa with two 16.2 kDa subunits identified demonstrate protein 
expression similarities between P. ostreatus and P. citrinopileatus (Y. R. Li et al., 2008). From 
the results, it can be suggested that mushroom proteins and mushroom hydrolysate comprising 
peroxidase enzymes and low molecular weight peptides (<1 kDa – 5 kDa) could potentially act 
as pro-oxidant and antioxidant compounds, respectively.  
4.5. Ferrous Iron Chelating Activity 
<1 kDa peptides and mushroom hydrolysate exhibited significantly higher (p < 0.05) 
ferrous iron chelating activity, compared to mushroom stipe, mushroom protein, and 1-3 kDa 
peptides (Figure 11).  
The high metal chelating property for < 1 kDa peptides compared to 1-3 kDa peptides 
exhibited similar trends to Bambara peptides obtained by Alcalase® hydrolysis (Arise et al., 
2016). In contrast, 1-3 kDa peptides obtained in this study did not exhibit ferrous chelating 
activity reported for Agaricus (Kimatu et al., 2017). The difference in activity for 1-3 kDa 
peptides in the current study can be attributed to the formation of disulfide bonds because of 
temperature incubation at 37°C, compared to room temperature analysis by He, Girgih, Malomo, 
Ju, & Aluko (2013) and Kimatu et al. (2017) . Wheat gluten hydrolysate displayed a marked 
reduction in chelating properties from 47% to 39.8% when disulfide bonds increased by 112% 




Figure 11: Ferrous iron chelating activity of mushroom stipe (MS), mushroom protein (MP), 
mushroom hydrolysate (MH), <1 kDa fraction (<1 kDa), and 1-3 kDa fraction (1-3 kDa). Values are 
expressed as EDTA equivalents (ppm) and represent means ± SD of 3 independent runs. Mean bar 
plots with the same letter are not significantly different (p < 0.05) 
The chelating properties for <1 kDa peptides and mushroom hydrolysate can be inferred to 
the exposure of glutamic and aspartic amino acids capable of ionic interactions with ferrous iron 
(Sousa, Rubim, Sobrinho, & Tourinho, 2001). Additionally, the high iron-binding potential for < 
1 kDa peptides may be attributed to the formation of terdentate structures with free γ and δ-
carbonyl groups of aspartic and glutamic acid, respectively (Storcksdieck et al., 2007; Swain et 
al., 2002). The results signify the ability of <1 kDa peptides to effectively chelate ferrous iron, 






4.6. 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) Radical Scavenging 
Activity 
 Mushroom hydrolysates, and small molecular weight peptides (<1 kDa and 1-3 kDa) 
obtained from Protamex-V8 hydrolysis had significantly higher (p < 0.05) ABTS radical 
scavenging activity, compared to mushroom stipe and protein.  
 
Figure 12: ABTS radical scavenging capacity of mushroom stipe (MS), mushroom protein (MP), 
mushroom hydrolysate (MH), <1 kDa fraction (<1 kDa), and 1-3 kDa fraction (1-3 kDa). Values are 
expressed as Gallic Acid Equivalents (ppm) and represent means ± SD of 3 independent runs. Mean 
bar plots with the same letter code (a-b) are not significantly different (p < 0.05) 
 
<1 kDa and 1-3 kDa peptides demonstrated the highest ABTS radical scavenging activity 
at 13.05 ± 0.39 ppm and 10.77 ± 2.88 ppm GAE, respectively. The findings were similar to 
Kimatu et al., (2017)’s study on Agaricus mushroom peptides, owing to the ability of low 
molecular weight peptides to donate electrons for stabilizing radical species. The radical 
scavenging activity for <1 kDa and 1-3 kDa peptides was also consistent with the work on 
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peptides obtained from Bambara protein, moringa oleifera, and canola meal protein (Aderinola et 
al., 2019; Alashi et al., 2014; Arise et al., 2016). 
Mushroom hydrolysate exhibited ABTS radical scavenging capacity of 9.40 ± 0.31 ppm 
GAE, which was 183% higher than mushroom stipe at 3.31 ± 0.62 ppm (Figure 12). The findings 
for mushroom hydrolysate can be attributed to the presence of peptides (<1 kDa - 10 kDa) 
providing a varying degree of radical scavenging activity. Additionally, mushroom proteins 
demonstrated low antioxidant properties, possibly due to hydrophobic amino acids inside the 
tertiary structure unable to scavenge ABTS radical (Takakura et al., 2009). The ABTS radical 
scavenging activity for <1 kDa, 1-3 kDa peptides, and hydrolysate fraction may have been 
conferred by the exposure of hydrophobic amino acids present on the peptide sequence, and 
terminal end of the peptides. The findings indicate <1 kDa peptides and 1-3 kDa peptides could 
scavenge radical species before the radicals oxidize the amino acids.    
4.7. Ferric Reducing Antioxidant Power (FRAP) 
1-3 kDa peptides exhibited the highest FRAP activity at 21.64 ± 0.79 ppm Ascorbic Acid 
Equivalents (AAE), compared to other mushroom samples (Figure 13). The second highest 
antioxidant activity was demonstrated by <1 kDa fraction at 14.43 ± 2.99 ppm AAE. The 
findings indicate improved FRAP activity for low molecular weight peptides (<1 kDa and 1-3 
kDa), compared to mushroom stipe, protein and hydrolysate as a result of Protamex® and V8 
hydrolysis. Moreover, mushroom hydrolysate (MH) displayed 3.07 ± 0.73 ppm AAE, similar to 




Figure 13: Ferric reducing antioxidant power of mushroom stipe (MS), mushroom protein (MP), 
mushroom hydrolysate (MH), <1 kDa fraction (<1 kDa), and 1-3 kDa fraction (1-3 kDa). Values are 
expressed as ascorbic acid equivalents (ppm) and represent means ± SD of 3 independent runs. 
Mean bar plots with the same letter are not significantly different (p<0.05) 
1-3 kDa peptides obtained from Agaricus mushroom hydrolysate have been reported to have 
greater FRAP activity similar to the current study (Kimatu et al., 2017). Whereas, <1 kDa 
peptides exhibited greater readings for flax seed hydrolysate, compared to 1-3 kDa peptides and 
hydrolysate obtained using thermoase enzyme (Nwachukwu & Aluko, 2018). Similarly, <1 kDa 
peptides had enhanced FRAP activity compared to 1-3 kDa peptides for Moringa oleifera 
globulin hydrolyzed using trypsin (Aderinola et al., 2019). The antioxidant properties for small 
molecular weight peptides can be attributed to the exposure of electron donating residues 
(alanine, glutamate, aspartate, proline) ability to scavenge radicals (Dwyer, 2001). Low 
molecular weight peptides (<1 kDa and 1-3 kDa) can thus act as radical scavenging compounds, 
due to their electron dense regions and the active N, C terminal ends.  
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4.8. Protein carbonyl compounds using 2,4-Dinitrophenylhydrazine (DNPH) assay 
Over nine days of analysis, mushroom proteins exhibited significantly higher (p < 0.05) 
protein carbonyl values, compared to mushroom stipe, hydrolysate, <1 kDa, and 1-3 kDa 
peptides. Especially on day 9, protein carbonyl content of 178 nmol/mg protein for mushroom 
protein was significantly higher (p < 0.001) than other samples (Table 5). The high protein 
carbonyl content on day 9 can be attributed to the presence of peroxidase enzymes in P. 
ostreatus (Mansur et al., 2003). The peroxidase enzyme purified from P. ostreatus demonstrated 
greater enzyme activity with low concentrations of hydrogen peroxide, along with specificity for 
oxidizing phenolic groups (Kang, Shin, Han, Youn, & Hah, 1993). It can be postulated, 
consumption of hydrogen peroxide by the Fenton pathway over time may promote peroxidase 
activity causing catalytic oxidation of phenol amino acids as observed on day 9. Hence, to 
determine the significant difference in the performance of antioxidant peptides during protein 
oxidation, mushroom proteins with oxidation promoting activity were excluded from further 
analysis. 
Table 5: Protein carbonyl on day 0, 3, 6, and 9 with mushroom samples (stipe, protein, hydrolysate, 
<1 kDa, 1-3 kDa peptides) and myofibrillar protein measured using DNPH assay. Values are 
expressed as nmol/mg protein and represent mean ± SD for 3 true replications.  
Treatments Day 0 Day 3 Day 6 Day 9 
Myofibrillar Control 31.82±1.40 32.00±1.70 40.35±2.33 46.48±3.78 
Mushroom Stipe + Myo 37.20±0.81 29.66±0.35 34.62±1.44 35.58±1.03 
Protein + Myo 41.00±2.55 41.14±1.53 49.19±2.81 178.75±58.18 
Hydrolysate + Myo 28.68±2.67 32.43±1.30 36.69±1.45 42.17±2.64 
<1 kDa peptides + Myo 35.58±1.89 42.41±0.77 40.26±3.15 37.54±1.46 
1-3 kDa peptides+ Myo 30.28±2.26 30.74±0.76 39.85±1.53 30.32±1.77 
     Myo stands for myofibrillar protein from bovine meat  
Mushroom stipe resulted in significantly higher (p < 0.05) protein carbonyl content of 37.20 
± 0.81 nmol/mg protein, than myofibrillar control on day 0 (Figure 14). The carbonyls in the 
mushroom stipe measured with the DNPH assay may be attributed to the 7.38% crude fat in the 
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mushroom stipe (Section 4.1), which can oxidize to form reactive lipid peroxides and flavor 
compounds including 1-octen-3-one, 3-octanone, and 2-octenal (Cho, Namgung, Choi, & Kim, 
2008). Oxidation of 363, 533, & 11.6 μg/g oleic acid, linoleic acid & α-linolenic acid in oyster 
mushroom (Hossain, Alam, Amin, Basunia, & Rahman, 2007), can give rise to both primary 
(hydroperoxide) and secondary (aldehyde) oxidation products promoting protein oxidation, and 
carbonyl flavor development (Soyer, Özalp, Dalmış, & Bilgin, 2010). 
Surprisingly, on day 3, <1 kDa peptides had significantly higher (p < 0.05) protein carbonyls 
compared to myofibrillar protein which contradicts in-vitro antioxidant studies (Figure 11-13). A 
likely explanation can be the mobility of the peptides (N. Chen, Wang, & Zhang, 1993) as during 
incubation and agitation, <1 kDa peptides formed ionic bonds with ferrous iron through the C-
terminal glutamic, and aspartic residues (Figure 11). Nonetheless, <1 kDa peptides and ferrous 
complex could comparatively move freely among the myofibrillar strands oxidizing amino acids 
because of the available ferrous.  
On day 6, apart from mushroom stipe (34.62 ± 1.44 nmol/mg protein), none of the other 
mushroom treatments demonstrated antioxidant properties, compared to myofibrillar proteins 
(40.35 ± 2.33 nmol/mg protein). Whereas, on day 9, 1-3 kDa peptides, mushroom stipe, <1 kDa 
peptides, and hydrolysate exhibited antioxidant properties when compared to myofibrillar 
control. Peptides of 1-3 kDa inhibited carbonyls to the greatest extent in the presence of 
myofibrillar control by 34.7%. It can be hypothesized, peptides selectively associate in an 
aqueous environment to form aggregates and nano-microscale structures with reduced mobility, 
however with extended temperature incubation these structures may breakdown rapidly to 
impact antioxidant potential on day 9 (Andrew Mackay & Chilkoti, 2008), owing to changes in 




Figure 14: DNPH protein carbonyl of mushroom stipe (MS), mushroom hydrolysate (MH), <1 kDa 
fraction (<1 kDa), 1-3 kDa fraction (1-3 kDa) in the presence of myofibrillar protein, and 
Myofibrillar protein (Control) on day 0, day 3, day 6, and day 9. Values are expressed as nmol/mg 
protein and represent mean ± SD (3 experimental units). Mean bar plots on day-0, 3, 6, 9 with the 
same letter code (a-d) are not significantly different (p < 0.05) 
 
From the results, it can be inferred that addition of mushroom stipe, mushroom protein, and <1 
kDa peptides would promote protein oxidation, whereas 1-3 kDa peptides may serve as 
antioxidant compounds.  
5. Conclusions 
<1 kDa and 1-3 kDa peptides prepared by Protamex® and V8 hydrolysis of mushroom stipe 
protein demonstrated enhanced in-vitro antioxidant properties. The presence of amino acids 
residues on the N and C terminal ends of the peptides could have provided greater antioxidant 
functionality, compared to mushroom stipe. The ability of 1-3 kDa peptides to donate hydrogen 
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ion and electrons was highlighted during in-vitro antioxidant assays measured by ABTS and 
FRAP. Additionally, <1 kDa peptides can be used as a natural chelators in food products 
including salad dressings, sauces, and mayonnaise. From the meat protein oxidation system, 1-3 
kDa peptide can be used as a natural preservative with processed meat formulations to prevent 
protein oxidation. The obtained peptides can be used in the food industry as natural antioxidants. 
6. Recommendations for future studies 
Future studies can evaluate protein extraction using basic pH (alkaline conditions (Batista, 
Pires, & Nelhas, 2007), combined with microwave-assisted extraction to facilitate greater protein 
solubility (Phongthai, Lim, & Rawdkuen, 2016). Moreover, the changes in degree of hydrolysis 
with or without endoglycosidase F could provide insights in the interaction between 
peptidoglycans and enzymes (Palmieri et al., 1997). Tricine SDS-PAGE gels should be 
considered for visualizing 2.5 kDa- 100 kDa peptide fragments (Schägger, 2006), along with the 
use of gel permeation chromatography for the purification of <1 kDa peptides (Park, Jung, Nam, 
Shahidi, & Kim, 2001). Amino acid composition of <1 kDa peptides, 1-3 kDa peptides, and 
mushroom hydrolysate needs to be studied further, along with the formation of disulfide bonds to 
better understand the effects of temperature and pH on their antioxidant potential.  
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